The Wnt signalling pathway can activate transcription of genes such as c-myc through b-catenin. Here, we describe the protein breakpoint cluster region, Bcr, as a negative regulator of this pathway. Bcr can form a complex with b-catenin and negatively regulate expression of c-Myc. Knockdown of Bcr by short interfering RNA relieves the block and activates expression of c-Myc. Expression of Bcr in the human colon carcinoma cell line HCT116, which has a high level of endogenous b-catenin, leads to reduced c-Myc expression. The negative effect is exerted by the amino terminus of Bcr, which does not harbour the kinase domain. Bcr-Abl, the oncogene protein expressed in chronic myelogenous leukaemia (CML), does not bind to b-catenin. It phosphorylates Bcr in the first exon sequence on tyrosines, which abrogates the binding of Bcr to b-catenin. The inhibitor of the Bcr-Abl tyrosine kinase, STI-571 or Gleevec, a drug against CML, reverses this effect. Our data contribute to the understanding of Bcr as a tumour suppressor in the Wnt signalling pathway, as well as in CML.
INTRODUCTION
The human breakpoint cluster region protein, Bcr, is a multidomain protein with several enzymatic functions. Bcr contains a serine/threonine protein kinase domain (Maru & Witte, 1991) , a guanine nucleotide exchange factor (GEF) function and a GTPaseactivating protein (GAP) domain ( Fig 1A) . Furthermore, Bcr contains an oligomerization domain at its amino terminus, and a carboxy-terminal sequence (-S-T-E-V), which is a ligand for a PDZ domain (Radziwill et al, 2003) .
Bcr is a negative regulator of the small GTPase Rac-owing to its GAP function-and blocks the p21-activating kinase, Pak (Voncken et al, 1995) . In nonstimulated cells, Bcr is active as a serine/threonine kinase and it has recently been shown in these cells that Bcr negatively regulates the Ras-Raf-MEK-ERK (MEK, mitogen-activated protein kinase kinase; ERK, extracellular signalregulated kinase) signalling pathway through phosphorylation of AF-6, a Ras-binding protein (Radziwill et al, 2003) .
Bcr is a fusion partner of Abl in Bcr-Abl ( Fig 1A) , which is a hallmark of chronic myelogenous leukaemia (CML; for a review, see Arlinghaus, 2002) . The Bcr-Abl fusion protein exhibits tyrosine kinase activity through Abl, which phosphorylates Bcr in cis or trans on tyrosines . Bcr has been described as a negative regulator of the pathogenic effects of Bcr-Abl (Wu et al, 1999; Arlinghaus, 2002) . Expression of Bcr-Abl in CML is accompanied by high expression levels of c-Myc, which contributes to disease progression (Sawyers, 1993) . c-Myc is overexpressed in several tumours and tumour cell lines (Marcu et al, 1992) .
c-Myc is also induced by the Wnt/b-catenin signalling pathway, which regulates cell proliferation, differentiation and stem cell renewal and is linked to cancer. b-Catenin has a key role at the membrane, in the cytoplasm, as well as in the nucleus. In the absence of Wnt signalling, it is phosphorylated by glycogen synthase kinase-3b (GSK3-b) and targeted for degradation (Giles et al, 2003; Nelson & Nusse, 2004) . In stimulated cells, it acts as a coactivator of transcription by binding to the transcription factors, T-cell factors (Tcfs; Moon et al, 2002) . Interaction partners of b-catenin can modify the b-catenin/Tcf-dependent transcription, resulting in downregulation of expression of the target genes of the Wnt signalling pathway such as c-Myc (He et al, 1998) . In numerous cancers, constitutively active b-catenin leads to expression of c-Myc (Giles et al, 2003) .
We describe Bcr as a negative regulator of b-catenin. Bcr leads to downregulation of b-catenin/Tcf-dependent transcription. Furthermore, we show that Bcr-Abl counteracts the inhibitory effect accompanied by tyrosine phosphorylation of Bcr, which can be reverted by the drug Gleevec. Thus, our results contribute to the understanding of Bcr as a putative tumour suppressor, by negatively regulating the expression of proliferation-promoting genes.
RESULTS

Bcr interacts with b-catenin
In view of the inhibitory function of Bcr on Rac-Pak and Ras-Raf signalling (Voncken et al, 1995; Lu & Mayer, 1999; Radziwill et al, 2003) , we investigated whether Bcr might exert a similar function in the Wnt/b-catenin pathway. Here, we showed the interaction of Bcr and b-catenin in the absence of stimulation of the Wnt pathway. We selected two tumour cell lines, the glioblastoma tumour cell line T98G and the lung carcinoma cell line A549, to investigate Bcr and b-catenin complex formation. In both cell lines, we found Bcr co-precipitating with b-catenin and vice versa (Fig 1B,C) . Additionally, we carried out cell fractionation of human embryonic kidney (HEK)293 cells and found complexes of Bcr and b-catenin in the cytoplasm as well as in the nucleus (Fig 1D) . Protein expression levels of Bcr and b-catenin are shown as well as marker proteins for cytoplasm and nucleus, HSP 56 or cyclin D1 as controls (Fig 1D, lower panels) . Bcr is mainly cytoplasmic and b-catenin is present in both the cytoplasm and nucleus.
The site on Bcr required for interaction with b-catenin was analysed by studies on two Bcr mutants, the N-terminal fragment of Bcr (BcrNT, 1-202 amino acids (aa)) and an N-terminal deletion fragment (BcrDNT, 168-1,271 aa; Fig 1A) . Bcr wild type (BcrWT) and the mutants were transfected into HEK293 cells. BcrWT and BcrNT, but not BcrDNT, co-precipitated with b-catenin, which indicated that the N terminus of Bcr is the binding site (Fig 1E) .
To locate the interaction region of b-catenin with Bcr, we asked whether this might overlap with the Tcf4-binding site in the armadillo repeat region comprising the lysine residue K435 (Fig 1A) . The mutant K435A seemed a possible candidate because of its defect in Tcf4 binding and its reduced transactivation capacity (von Kries et al, 2000) . To this aim, we used a Myc-tagged b-catenin wild type and a K435A mutant, both of which were expressed in HEK293 cells. Indeed, the Myc-tagged b-catenin K435A mutant was not able to co-precipitate Bcr (Fig 1F) . Thus, the binding site of b-catenin for Bcr overlaps with that of the Tcf4 transcription activators.
Bcr as a negative regulator of gene expression
We then analysed the effect of Bcr on b-catenin/Tcf-dependent gene expression in two cell lines, HEK293 and the human colon carcinoma cell line HCT116. HCT116 expresses a b-catenin mutant with a deletion of the amino acid serine at position 45. This mutation stabilizes the protein and was found to correlate with a high level of b-catenin/Tcf transcription protein complex and strong expression of c-Myc (Morin et al, 1997; He et al, 1998) . b-Catenin/Tcf-dependent gene expression was tested with the Tcf reporter TOPflash together with the mutant reporter FOPflash as a control. In both cell lines, BcrWT or BcrNT led to reduced activation of b-catenin/Tcf-mediated transactivation of TOPflash in a concentration-dependent manner (Fig 2A) . BcrDNT did not significantly inhibit transactivation, indicating that the N terminus of Bcr, which binds to b-catenin (Fig 1E) , regulates the inhibitory effect of b-catenin-dependent transcription. In addition, in HCT116 cells containing stabilized b-catenin, the strong endogenous expression level of c-Myc may be downregulated by the expression of BcrNT and BcrWT but not BcrDNT (Fig 2B) . In the case of BcrWT, the contribution of its kinase to transactivation cannot be excluded. To analyse the effect of endogenous Bcr as a suppressor of the function of b-catenin, we used short interfering RNA (siRNA) oligonucleotides to downregulate expression of Bcr in HEK293 cells. Two concentrations of siRNAs were used, and at both concentrations, Bcr protein expression was significantly reduced. Under conditions of reduced Bcr levels, expression of the c-Myc protein was increased, which indicated relief from the Bcr-dependent suppressive effect (Fig 2C) . c-Myc expression is low in HEK293 cells, as long as the Wnt pathway is not stimulated. In another approach, we therefore used LiCl for stimulation of the b-catenin/Tcf-dependent transcription which activates the luciferase reporter assay described in Fig 2A. Similar results were obtained in the presence of LiCl with and without siRNA against Bcr. siRNA reduces the suppressive effect of Bcr on b-catenin-mediated transcription (Fig 2D) .
Bcr-Abl tyrosine kinase regulates Bcr and b-catenin
We then investigated whether the Bcr-Abl oncoprotein expressed in leukaemic cells can influence Bcr and b-catenin complex formation. The Bcr-Abl fusion protein exhibits tyrosine kinase activity through the Abl moiety, whereas the serine kinase activity of Bcr is repressed in the fusion and wild-type protein (Arlinghaus, 2002) . The oncogenicity of Bcr-Abl is reduced by Bcr overexpression, in a dose-dependent manner (Lin et al, 2001; Arlinghaus, 2002; Mahon et al, 2003) . The N terminus of Bcr (1-160 aa) is sufficient to suppress colony formation induced by Bcr-Abl p210 (Guo et al, 1998) . We expressed the Bcr-Abl fusion protein p210 in HEK293 cells (Fig 1A) and tested for co-precipitation of b-catenin with Bcr-Abl and Bcr (Daley et al, 1990) . As can be seen, Bcr-Abl did not co-precipitate with b-catenin, whereas Bcr did. Furthermore, expression of Bcr-Abl slightly reduced the precipitation of Bcr with b-catenin (Fig 3A) . We then tested whether Bcr-Abl with its tyrosine kinase activity Role of Bcr in the Wnt signalling pathway A. Ress & K. Moelling was able to phosphorylate endogenous Bcr and Bcr-Abl in HEK293 cells and whether the Bcr-Abl tyrosine kinase activity was blocked by the inhibitor STI-571 (Gleevec), which is a drug developed against CML (Roskoski, 2003) . As can be seen in Fig 3B , Bcr-Abl and Bcr are phosphorylated on tyrosine and this effect is strongly reduced by STI-571. The effect of Bcr-Abl-dependent tyrosine phosphorylation of Bcr on complex formation with b-catenin was then analysed in HEK293 cells. Bcr-Abl was overexpressed in HEK293 cells, which were later fractionated into nuclear and cytoplasmic fractions. Bcr is more strongly expressed in the cytoplasm in this system and b-catenin is enriched in the nucleus (Fig 3C) . In the presence of STI-571, co-precipitation of Bcr with b-catenin occurred mainly in the cytoplasm and less in the nucleus (lanes 1 and 2) . In the absence of STI-571, the amount of Bcr co-precipitating with b-catenin was reduced in both the fractions (compare lanes 3 and 4 with lanes 1 and 2). Protein expression of Bcr and Bcr-Abl has been controlled and is shown in Fig 3B (lower panel) . Furthermore, we used a cell line, MEG-01, derived from a CML patient, which expresses endogenous BcrAbl p210 , to test the effect of STI-571 on Bcr and b-catenin complex formation. We first confirmed the inhibitory effect of STI-571 on Bcr-Abl-dependent tyrosine phosphorylation of Bcr-Abl and Bcr (Fig 3D) . Reduced phosphorylation of Bcr in the presence of STI-571 led to an increase in the association of b-catenin with Bcr (Fig 3E) . This result indicates that the presence of Bcr-Abl leads to disruption of the Bcr/b-catenin complex, and that STI-571 reverts this effect.
DISCUSSION
Bcr is here shown to negatively regulate b-catenin-mediated gene activation, including c-myc (Fig 4, model) . Bcr negatively regulates transcription activation through its N terminus. Previously, this region has been shown to counteract Bcr-Ablinduced biological effects (Guo et al, 1998) . The Bcr moiety of Bcr-Abl did not bind to b-catenin, as shown here. Also, in the presence of Gleevec, almost no binding was detectable (data not shown), presumably owing to conformational changes by fusion to Abl. The accessibility of Bcr to b-catenin may be regulated by the Bcr-Abl tyrosine kinase or other tyrosine kinases, such as c-Fes (Liu et al, 1993; Li & Smithgall, 1996) . Bcr can affect c-Myc level through its C terminus, which binds to c-Myc protein and targets it to degradation (Mahon et al, 2003) . This may limit high c-Myc expression levels. It would be interesting to know whether this in turn negatively influences b-catenin-mediated transcription as a negative feedback loop. In a quiescent state of the cell, not only Bcr but also GSK3-b or membrane localization of b-catenin maintains a reduced level of b-catenin-mediated transcription. Thus, b-catenin and Bcr complex formation may be one of several negative regulatory effects. Such a complex negative control suggests biological importance that may be relevant for maintenance of the basal state of cells, possibly of stem cells (Reya et al, 2003) . We have recently shown that Bcr inhibits Ras-Raf signalling by Bcr-mediated phosphorylation of AF-6-another Bcr-specific negative regulator effect besides binding to b-catenin or Myc (Radziwill et al, 2003) .
Stimulation and activation of a tyrosine kinase may override this AF-6/Bcr effect similarly to the b-catenin/Bcr effect, which is reduced by the Bcr-Abl tyrosine kinase, as shown here (Liu et al, 1993; Li & Smithgall, 1996) . Previously, it has been shown for c-Raf-1 that it can induce kinase activity-independent inhibition of apoptosis by protein-protein interaction by means of its N terminus (Chen et al, 2001) .
Thus, in summary, we have shown a Bcr-mediated inhibitory effect on b-catenin-dependent gene expression, including c-Myc. This is important for understanding the Wnt pathway and the maintenance of the quiescent state of a cell, as well as the role of Bcr-Abl in cancer. 
METHODS
Plasmids. Plasmids coding for haemagglutinin (HA)-BcrWT and BcrDNT have been described elsewhere (Radziwill et al, 2003) . The plasmid HA-BcrNT carries the coding sequence for residues 1-202 of Bcr cloned into pcDNA3 (G. Radziwill, unpublished (Invitrogen, Basel, Switzerland) . All other cells were cultured in DMEM (Invitrogen). The media were supplemented with 10% fetal bovine serum, penicillin and streptomycin. Transfections were carried out using Lipofectin (Invitrogen) according to the recommended procedure. STI-571 (imatinib mesylate; Novartis, Basel, Switzerland) was added to HEK293 cells at a concentration of 2 mM, for 1 h or 24 h, and to MEG01 cells 1 mM for 16 h. LiCl treatment (10 mM, 16 h) mimics wingless signalling and was performed as described previously (Stambolic et al, 1996) . Cell fractionation, immunoprecipitation and immunoblots. Immunoprecipitation and immunoblotting have been described previously (Radziwill et al, 2003) . Nuclear extracts were prepared from HEK293 cells as described previously (Andrews & Faller, 1991) . Primary antibodies used were from Santa Cruz Biotechnology Inc. 
